Vapor generation is of prime importance for a broad range of applications: domestic water heating, desalination and wastewater treatment, etc. However, the natural evaporation is slow and low efficiency. Ratchet effect can give rise to nonzero mass flux under a zero-mean time-dependent drive. In this paper, we proposed a nano-ratchet, multilayer graphene with cone-shaped nanopores (MGCN), to accelerate the vapor generation. By performing molecular dynamics simulations, we found that the air molecules spontaneously transport across MGCN and form a remarkable pressure difference between the two sides of MGCN. Besides, we studied the dependence of pressure difference on the ambient temperature and the geometry of MGCN in detail.
Introduction
to 55.2 Å 2 , the two rightmost peaks even disappear. Consequently, compared with quantitative changes of negative force, the broader nanochannel and the less and lower energy barriers are dominant, hence the strengthened ratchet effect. As for the reasons of the decreasing trend, which involves the diffusion transport (rightward), will be explained later. Similarly, ∆P also has nonmonotonic dependence on the truncatedcone angle α, shown in Fig. S4 . That is why the adopted tanα of other simulations is fixed at 0.25 in this paper.
Herein, the ambient temperature is also a crucial factor, which decides the force of zeroaverage dynamic load, i.e., thermal fluctuations. Because thermal fluctuations can not be considered as white noise with negligible time correlation, for the correlation lengths of them becoming significantly long for nanopores [39] . If we attempt to advance the ratchet, there will be a minimum force necessary to overcome the barriers. That is, the ambient temperature should be high enough to activate the ratchet. However, if the temperature is too high (the force is too powerful), the ratchet could also run in the opposite direction. Because, compared with the power of thermal fluctuations, the asymmetric potential is too small to impose the rightward movements of the air any more. Then the ratchet effect is broken. We performed the simulations with fixed Nl (4), Amin (55.2 Å 2 ) and tanα (0.25) at different temperature, and results are shown in Fig.   S3 . At the range of 300 K to 600 K, the resulting ∆P are 20.1 kPa and 9.2 kPa, and this difference is consistent with our speculation.
The previous discussions of results mainly focus on the strength of the ratchet effect.
However, the diffusive transport, resulted from the concentration difference, limits the further growth of concentration. Therefore, the final distribution of air depends on the competition between the ratchet transport (leftward) and diffusive transport (rightward).
Since the scale length of the truncated-cone nanopores is much smaller than the mean free path of the air molecules, the Knudsen diffusion[42] occurs here. The Knudsen diffusion flux is defined as (details are shown SI),
where is radius of the minimum pores; u is the characteristic velocity of air molecules; is the concentration gradient and ℎ is the interlayer spacing of MGCN.
When the number of MGCN layers increases from 2 to 5, , ℎ and remain the same. And the concentration of air has a negligible change, is assumed to be proportional to the thickness of MGCN, ( − 1)ℎ. It's clear that, when increases, Φ only has subtle reduction, resulting from the product of and . As the consequence of the significant weakening in ratchet effect and the subtle reduction of diffusion flux, ∆P surely decreases. As for the situation of increasing Amin, becomes bigger and other parameters remain the same, hence Φ also increases.
However, the broadening nanochannel and the decreasing of energy barriers dominate.
But when Amin increases to 77.3 Å 2 , the dominant positions are taken by the sustainable weakening of leftward force and strengthening of diffusive transport. Thus ∆P shows an increased and then decreased tendency.
To illustrate its potential in practical application, the effect of MGCN on evaporation is discussed in this paragraph. The previous results and discussions provide useful guidelines for the design of MGCN. According to the results in Fig. 2 , MGCN can create a biggest pressure difference as 21 kPa, between the left and right region. Hence, when MGCN is used to decrease the vapor pressure near the water-vapor interface, the evaporation rate will be improved. The enhancement of evaporation can be described as (details are shown in SI):
where is the atmospheric pressure, ∆ is the pressure difference between the two sides of MGCN. It should be noted that ̇ is the evaporation flux without MGCN.
Thus, to calculate the enhancement, , T, and ̇ of a traditional evaporation condition (i.e., without MGCN) should be measured.
Due to the lack of consensus in the value of , herein we regard it as an independent variable which varies from 0.001 to 1 [41] [42] [43] . Figure 5 shows the enhancement according to the temperature and evaporation data from references [3, 6, 43] . As we can see, even if only equals to 0.001, an enhancement of more than 15 times can be expected. If equals to 0.1, the enhancement will be thousandfold. The ultra-high evaporation rate at room temperature indicates that, by using MGCN, a lot of low grade energy can be used for vapor generation, such as low intensity solar energy or waste heat. Meanwhile, the low evaporation temperature can decrease the energy dissipation effectively. Those merits imply a high potential of practical application of MGCN.
Conclusion
Summarizing, based on the ratchet effect, the MGCN we proposed can pump molecules 
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SII. Test of timestep
In molecular dynamic simulations, the timestep size is constrained by the demand that the vibrational motion of the atoms be accurately tracked. Usually, timestep is limited to femtosecond scale [36] . To perform accurate but economic simulations, we made a test about different timesteps. We fix Nl, Amin 
SV. Dependence of truncated-cone angle α
∆P also has nonmonotonic dependence on the truncated-cone angle α. In the following cases, Nl and Amin are fixed as 3 and 33.1 Å 2 , respectively. As shown in Fig. 2(d) , we get the biggest ∆P, 20.1 kPa, when tanα is 0.25. Figure S4 shows the force distribution of MGCN with different α. As for the reasons of the low ∆P for the other three α: on the one hand, the narrow nanochannel and many energy barriers of the small-α MGCN confine the ratchet effect; On the other hand, the strong diffusion transport and weak negative force of the big-α MGCN result in the low ∆P. The discussions about diffusion transport are described in details below. That is why the adopted tanα of other simulations is fixed at 0.25 in this paper. 
SVI. Knudsen Diffusion
Diffusive transport, resulted from the concentration difference, also affects the molecular transport. The molecules will move from the high concentration region to the low due to the diffusive transport, and this limits the further growth of concentration.
Therefore, the final distribution of air depends on the competition between the ratchet transport (leftward) and diffusive transport (rightward). Since the scale length of the truncated-cone nanopores is much smaller than the mean free path of the air molecules, the Knudsen diffusion[42] occurs here. The Knudsen diffusion flux is defined as,
(S1)
where ̅ is the mean radium of the nanochannel, and are radiuses of the minimum and maximum pores. equals to √ / ; u is the characteristic velocity of air molecules; is the concentration gradient and ℎ is the interlayer spacing of MGCN. In equation (S1), and Φ are substituted by (S2)-(S3). Then equation (S1) can be defined as,
SVII. Evaporation enhancement calculation
According to Hertz-Knudsen Relation [44] as defined here:
where ̇ is the evaporation rate of the water, and are the water vapor saturate pressure and the real vapor partial pressure at the interface respectively. and are the evaporation and condensation coefficient, respectively. is the molar mass of the water molecule. and are the temperature of the water and vapor at the interface respectively.
Normally, and are measured at the range of 0.001 to 1 and very close to each other [44] [45] [46] . is slightly higher than when water is heated to evaporate. [43] And is lower than due to the lower vapor temperature and molecular diffusion.
Therefore, the following assumptions are made: (i) The temperature discontinuity at the water-vapor interface is ignored, i.e., . = = ; (ii) The difference between evaporation and condensation coefficient is ignored, i.e., = = .
when MGCN is applied, the enhancement of evaporation, , can be calculated as:
where ′ and are the real vapor saturate pressure at the interface with and without MGCN respectively. According to equation (1), can be described as:
Meanwhile, as shown in Figure S4 , due to the diffusion resistance, the vapor would accumulate on the high pressure side, which indicates that the pressure on the high pressure side of MGCN can be regarded as . Therefore, ′ can be determined by:
where is the atmospheric pressure, ∆ is the pressure difference between the two sides of MGCN. Hence, can be described as: is low due to the pumping by MGCN, the pressure on the other side is due to the accumulation of vapor molecules.
